Introduction
The phase change memory based on the reversible phase transition in a chalcogenide materials such as Ge 2 Sb 2 Te 5 (GST). This device has two phase states, which are amorphous and crystal states. In the nature, amorphous state has a higher resistivity than crystalline state. So, amorphous state is used in a reset state and crystal state is used in a set state (1), (2) . With these material characteristics, GST can be used as next-generation memory device applications (3) . As a phase change memory device, both keyhole and µ-trench structures are widely used (4) . Both structures have narrow GST area, which can initiate the Joule heat resulting in a phase change of the device. By the modification of the structure, a phase change memory device structure has another trench at upper side of GST layer to enhance a phase change. In this paper, we analyze the electrical effects of the upper side trench depth variation in a GST layer with these structures by TCAD modeling and simulation.
Modeling Scheme
At first, a proto-type of keyhole test structure was designed. GST cell diameter was 100 nm and thickness was 60 nm. SiN was used as an insulator and the thickness was 120 nm. Usually, GST layer thickness is thicker than insulator layer because of the fabrication process. However, in this simulation, the insulator layer is thicker than GST layer to focus on the changes in GST active area. A trench depth on upper side of GST layer was designed exactly the same with the trench depth of the other side to get a maximum phase change active area size. After a design of the proto-type test structure was completed, the upper side trench depth of the GST layer was varied to investigate the effects on the electrical characteristics of the device. The schematic structures of trench depth variations are shown in Figure 1 . In order to analyze the electrical characteristics, the Sentaurus TCAD simulator was used (5). For impact ionization process simulation, Okuto and Lacker models are also used in the simulation. Here, the program current is set to be 50 mA with 100-µs pulse. In addition, the electron mobility (µ e ), hole mobility (µ h ), trap densities and valence band shift parameters are used in this simulation. These are default values in the Sentaurus TCAD simulation (5).
Results and Discussion
In order to examine the effects of the trench depth variation, 5 different trench depths on GST layer are examined. The trench depth is increased by 30 nm from 0 nm to 120 nm with the same pulse. As a result shown in Figure 2 , we can observe a clear phase changing phenomena at 120-nm depth structure. It is also indicated that as the trench depth is increased, the phase change characteristic is dominant. So, the phase state of GST is fully amorphized in a reset state, and fully crystallized in a set state on 120-nm trench depth structure. Here, the trench depth affected the resistivity of GST. With the same Joule-heat energy, the narrow GST active area is easier to concentrate on that energy to phase shift. Thus, as the trench depth is increased, the phase change characteristic is enhanced due to the ease of Joule heating. The amorphous state distributions of various trench depths on GST layer with the same pulse are shown in Figure 4 . With this Figure 4 , as trench depth increased, amorphous state distribution also increased at GST active section. For 0-nm trench depth case, a crystal state is remained on top of the test structure, but crystal state distribution is decreased by increasing trench depth. It is also related with an energy efficiency to phase shift. 
where R 1 , R 2 , and R 3 are the resistances of a left side, a right side and an active area of GST, respectively. Furthermore, the edge of the trench has the highest field on GST. So, GST mainly affected by the electric field at the edge. Thus, as trench depth is increased, the electric field effect on R 1 and R 2 is reduced. The Joule-heat effect also decreased on that area. In Figure 3 , it is also verified that the resistance values are increased as the trench depth is increased. Relatively, resistance values of R 1 and R 2 are smaller than R 3 because of the phase state. So, as the trench depth is increased, R 3 is mainly affect R total . From the result shown in Figure 5 , the test structures are divided into two groups with a reference trench depth of 60 nm. Usually resist value is 10
5 Ω of a crystal state GST, and 10
8 Ω of a fully amorphous state. So, the effects of R 1 and R 2 factor are almost negligible for the test structure with a trench depth larger than 60 nm, which is the same as the thickness of GST layer and R total can express the following equation for this cases:
Figure 6. R variation in amorphous state with a 80-µA read current.
The R 3 has a length factor and phase state factor. In Figure 6 , R total is gradually increased even though GST active region has reduced. So, we can represent R 3 using the following equation:
where a and b are weight parameters. Thus, the trench depth is increased, R total is also increased since the negative resistance effect of R length is smaller than the positive resistance effect of R state .
Conclusion
In this paper, we analyzed the electrical effects of the upper side trench depth variation in a GST layer with these structures by Sentaurus TCAD simulation. The test structures were designed as a keyhole structure of a trench depth ranged from 0 nm to 120 nm with a step of 30 nm. The thick insulator layer was used to avoid a leakage current through SiN. Based on this simulation result, as a trench depth increased, phase shift operation was enhanced with the same program current and the total GST resistance affected by the trench depth. It is also verified that the test structures with the trench depth smaller than the GST layer thickness of 60 nm, the side GST sections are also important to calculate total GST resistance. However, the test structures with the trench depth larger than the GST layer thickness, the GST active area can mainly affect the total resistance and the total resistance was increased as increasing the trench depth.
